The discovery of the active group of the hydrogen-transferring enzymes -nicotinamide -for which O t t o W a r b u r g was nominated by the Nobel Committee 1 "for a prize for the second time in 1944, when he again was found to deserve the honor", has had a profound influence on all of biochemistry. The present paper describes a fundamental inhibition of intracellular tumor meta bolism produced by reduced diphosphopyridine nucleotide (D PN H 2) added extracellularly.
Inhibition of Tumor cell Glycolysis by D P N H

Dedicated, to Professor O t t o W a r b u r g on his 80th birthday
The discovery of the active group of the hydrogen-transferring enzymes -nicotinamide -for which O t t o W a r b u r g was nominated by the Nobel Committee 1 "for a prize for the second time in 1944, when he again was found to deserve the honor", has had a profound influence on all of biochemistry. The present paper describes a fundamental inhibition of intracellular tumor meta bolism produced by reduced diphosphopyridine nucleotide (D PN H 2) added extracellularly.
We have recently found that D P N H 2 produces a large, prom pt, and reversible inh ib itio n of anaero bic glycolysis when added in vitro to a suspension of Ehrlich ascites tum or cells in either ascites serum or Krebs-Ringer -bicarbonate-glucose m edium 2-3) 4. The inh ib itio n of glycolysis, which is entirely intracellular, reaches a m axim um of 60 to 75% at concentrations of added D P N H 2 as low 20 jug/cc ( 3 '1 0~5 M ), w ith no fu rth e r change in percentage inhibition as the concentration of added D P N H 2 is increased up to 300 tim es as great (6 m g /c c). S ubm axim al inhibitions of glycolysis were observed at concentrations of added D P N H 2 as low as 4 -8 jug/cc; the total endogenous " D P N H 2 + D P N " in the cells as studied was of this same o rd er of m agnitude, but, of course, m ostly in bound form .
T he subm axim al inhibitions were " autoreversib le" , th at is, they disappeared spontaneously w ith tim e over a period of som e one to several hours, as a result of gradual elim ination by the tum or m ate rial of the D P N H , added at low concentrations. Subm axim al inhibitions could be reversed im m edia tely -w ithin m inutes -by adding D PN in large ex cess (ratio of added D P N /ad d ed D P N H 2 of 10 to 50 or m ore, for com plete reversibility) ; and, sim i larly, subm axim al inhibitions could be prevented from occurring by addition of sufficient D PN p rio r to ad d ition of D P N H , . G lycolytic inhib itio n s at any concentration of added D P N H 2 , low or high, could also be either prevented, or reversed after establish Radiat. Res., Supplement 3, 212 [1963] .
ment, by ad d itio n s of D P N H 2 oxidants such as p y ru vate o r m ethylene blue in am ounts at least stoichiom etrically as g reat as the D P N H 2 added. Such o xi dan ts converted the D P N H 2 in the system to D PN , via dehydrogenases th at were usually in tracellu lar b u t som etim es also p artly extracellular. T his an a ero bic o x id atio n resulted in the form ation of one h y droxyl ion p er m olecule of D P N H 2 oxidized, and could be m easured m anom etrically, in the case of p y ru v ate (but not m ethylene blue, which on red u c tion form s one H®), by the ab sorption of one m ole cule of C 0 2 from the gas phase to form one eq u i valent of b icarb o n ate in the cell suspension m e dium . A n equation of m echanism fo r the form ation of the hy d ro x y l ion d u rin g oxidation m ight be w rit ten, w ith som e a rb itra ry form ality, as follow s:
CHgCOCOO0 + DPNH • HOH = CHgCHOHCOO® +DPN® +O H ® .
(1) W e have found the indicated m anom etric an aly tical p ro ced u re very convenient for m easu rin g either (1) the tim e course of disappearance of added D P N H , in the presence of tum or m aterial, o r (2) the p ercentage p u rity of com m ercial sam ples of D P N H , . T he m anom etric m ethod is especially su it able fo r quantities of D P N H 2 larg er than those usually involved in conventional spectrophotom etric assays, an d has the ad d itio n al advantage th at it may be c a rrie d out at the ends of experim ental runs, w ithout tran sfe r of m aterial to other m anom etric vessels o r spectrophotom etric cuvettes, sim ply by tip p in g in excess pyruvate from a side-arm .
Any decrease in C 0 2 pressure in the gas phase resulting from anaerobic oxidation of D P N H 2 and p ro d u ctio n of hydroxyl ion as in E quation (1) was, at least in experim ents sufficiently prolonged, o rders of m agnitude sm aller, stoichiom etrically, than the large decrease in rate of C 0 2 liberation into the gas phase as a result of inhibition of anaerobic glycoly sis by the added D P N H 2 in the absence of added pyruvate. T here can be no question, therefore, that in inh ib itin g anaerobic glycolysis, D P N H 2 is acting at a catalytic rath e r than substrate level: the in h ib i tion of glycolysis, in term s of decreased acid fo r m ation, can be vastly greater, stoichiom etrically, than the m inim um am ount of added D P N H 2 re q u ired for m axim um inhibition. F urth erm o re, as a l ready indicated, the total endogenous am ount of " D P N H 2 + D P N " in the cells themselves is o rd i n arily much sm aller than the am ount of D P N H 2 added, in any given experim ent; and the fraction of the total endogenous " D P N H 2 + D P N " available at the site of D P N H 2 inhibition is probably still very much sm aller.
T P N H 2 , unlike D P N H 2 , produced no inhib itio n of anaerobic glycolysis. N or was T PN (or, p aren th e tically, nicotinam ide) capable of either preventing o r elim inating any glycolyitc inhibition caused by D P N H 2 . D P N H 2 thus presum ably acts inhibitively in the glycolytic chain at some locus specific for D P N H 2 as com pared to T P N H 2 . T his cannot be at the locus of p yruvate reductase (lactic deh y d ro genase) since we have found that our Ehrlich ascites tum or cells can oxidize T P N H , to T PN an a ero b i cally w ith pyruvate, ju st as they can oxidize DPNHo to D PN via E quation (1) ; the rate w ith T P N H 2 is clearly sm aller than w ith D P N H 2 , b u t nevertheless the o xidation of T P N H 2 goes to com pletion and can be followed m anom etrically ju st as w ith D P N H 2 .
W e conclude, therefore, that D P N H 2 inhibits glycolysis at the one and only other locus in the glycolytic chain w here D PN H 2 -D PN is know n to be involved, nam ely, at the triosephosphate d ehy drogenase step. We conclude fu rth er, especially from 5 J . P ü t t e r , Z. Krebsforsch. 64, 101 [1961] , 6 J. P ü t t e r , . 7 G. D o m a g k , L. J u h l i n g and J. P ü t t e r . Med. Grundlagen forsch., 2, 553 [1959] . 8 H . H o l z e r , G . S e d lm a y e r and A. K e m n it z , Biochem. Z. 328. 163 [1956] . 9 P . G l o g n e r , H . W o l f and H . H o lz e r , Biochem. Z. 332. 407 [I960] . 10 P. S c r ib a , H . K r o g e r and H . H o lz e r , Biochem. Pharmacol. 7, 1 [1961] .
the reversibility data, th at the glycolytic inhibition results fro m too h igh a D P N H 2/D P N ratio (i. e., too low a D P N /D P N H 2 ratio ) at the active site of the trio sep h o sp h ate dehydrogenase enzyme, w here com petitive in h ib itio n betw een D P N H 2 and D PN may occur (o r the force of the oxidation-reduction po tential of D P N H 2/D P N may be ex e rted ). A naero bic glycolysis is often noticeably (though not g reat ly) increased by added D PN , o r by added " D PN H 2 + excess p y ru v ate" , p resum ably because of a thenim proved D P N /D P N H 2 ratio , especially at the ac tive enzym e site indicated. On the other hand, the an aero b ic glycolysis of our E hrlich ascites tum or cells is usually noticeably decreased (10 -30%) by added p yruvate, p ro v id in g th at glucose, b u t not fructose, is the hexose su b strate for glycolysis. It w ould ap p ear th at w ith glucose p a rt of the glucose-6-phosphate prod u ced via hexokinase is utilized via the hexosem onophosphate shunt, m ore slowly than if all the glucose-6-phosphate proceeded via the Embden-Meyerhof p ath w a y ; w hereas, with fructose, which form s fructose-6-phosphate via the sam e hexokinase, the shunt (re q u irin g glucose-6-phosphate) is bypassed and all the fructose-6-phosphate proceeds fu rth e r to lactic acid via the Emb den-Meyerhof pathw ay exclusively. The p y ru vate increases sh u n t activity by reoxidizing any T P N H 2 form ed th erein back to necessary TPN . The reversible D P N H 2-inhibition of anaerobic glycolysis rep o rted in this p ap er is quite distinct from , and n o t to be confused w ith, the well-known irrev ersib le in h ib itio n of glycolysis resulting from loss in total content of endogenous cell " D PN -f D P N H 2" induced by vario u s quinones, H 20 2 , or X -rays'2,5" 12, o r from induced D P N H 2 im p u ritie s13, or still oth er reactions rep o rted (e. g., of nucleotide p y ro p h o sp h atase on D PN H -X 14) .
T u rn in g now to E hrlich ascites tu m o r cell suspen sions m ain tain ed u n d er aerobic conditions, we find th at added D P N H 2 disap p ears much m ore rapidly than u n d er an aero b ic conditions (in the absence of added p y ru v a te ). T he added D P N H 2 is quickly oxi-dized by m olecular 0 2 , at a rate th at m ay about equal the endogenous Q o2 » w ith concom itant low er ing of the resp irato ry quotient (R .Q .) , and w ith an increase in 0 2 consum ption that is approxim ately theoretical for oxidation of D P N H 2 to D PN by 0 2 . This aerobic oxidation takes place in tracellularly, exclusively inside the cells, and is largely cyanidesensitive, presum ably involving m itochondrial o x i dases and a cytochrom e system. C yanide has little or no effect on D P N H 2 disappearance u n d er anaerobic conditions. It is clear th at both D P N H 2 and D PN can enter our Ehrlich ascites tum or cells freely, both aerobically and anaerobically. It is also highly p ro bable th at intact m itochondria inside o u r living E h r lich ascites tum or cells can act directly to oxidize D PN H 2 , w ithout the aid of so-called " shuttle m echanism s" 15, i. e., D P N H 2 can penetrate such living, intact mitochondria to the actively oxidizing, cyanide-sensitive sites therein. It is com m only a l leged th at m itochondria " pro p erly isolated" from tum or cells so as to be " in ta ct" are im pervious to D PN H 2 , b u t since such " intact m itochondria" have not been reported to be capable of glycolyzing, w ith insulin-anti : insulin sensitivity, it is clear that they are not as intact as m itochondria in the living cell which do so glycolyze 16-20; 2, T able 6, 7.
In any event, u nder aerobic conditions a ra p id resp irato ry oxidation of D P N H 2 is superim posed on, and m arkedly lim its, the aerobic antiglycolytic action of D P N H 2 , which is less pronounced and shorter-lived than the anaerobic in hibition, and " au toreversal" of inh ib itio n is m ore p rom ient aero bically. The percentage of glycolytic in h ib itio n in duced by DPNHo is not only a function of aerobic vs. anaerobic conditions, but m ay also vary m arkedly between different strain s of ascites tum or cells (e. g. Ehrlich vs. K rebs-2 s tra in s ), and betw een d if ferent other tum ors (e. g. S 91 m elanom a, 0% in h i bition, vs. S 91 A am elanotic m elanom a, 35% ) ; and m ay also be a function of glycolytic rate p er se w ithin a given ascitic strain (e. g. w ith Ehrlich strain, D P N H 2 inh ib itio n greatly decreased w hen the glycolytic rate w ith fructose is decreased by s te ro id ). Finally, it is interesting th at the relatively n o n toxic, N-free, hydroquinone, n o rd ih y d ro g u aiaretic acid (NDGA) 2, unlike m ost other chem otherapeutic quinones used to treat cancer c e lls0-11, produces a large, reversible inhibition of anaero b ic glycolysis th at can, like th at produced by D P N H 2 , be reversed by both D PN and pyruvate. It w ould ap p ear that NDGA acts to create an u n favorably low D P N / D P N H 2 ratio at the triosephosphate dehydrogenase enzyme site also, by a m echanism yet to be ascer tained b ut as readily reversible as the in h ib itio n given by D P N H 2 itself. M a te ria ls a n d m e th o d s The Ehrlich ascites tumor was maintained by intraperitoneal injection in C3H/HeN mice. Freshly extracted, heparinized ascitic fluid containing the tumor cells was added to cold Krebs-Ringerbicarbonate-glucose medium, at appropriate dilutions as indicated in the experimental tables, or in a few instances were sedimented at 0° (at 1000 g) and re suspended in Krebs-Ringer -bicarbonate-glucose medium without addition of serum. However, in most experiments the cell suspensions contained a small per centage of ascites serum admixed with the synthetic medium. In certain experiments the cells were sus pended in pure isologous ascitic serum to which ap propriate amounts of glucose and bicarbonate were added. The cell content was determined by sedimenta tion in hematocrit tubes. For calculation of Q values, one cmm of packed cells (2000 g) was considered, on the basis of an average of many previous determ ina tions, as equivalent to 0.16 mg dry weight. The Cloudman S 91 melanoma was grown in either DBA/2 or in BALB/C x DBA/2 (F x) mice, and the S 91 A amela notic melanoma in the hydrid mice only.
Aerobic conditions were provided by gassing the manometer vessels with a mixture of 95% air/5% C 0 2 , or, in the case of solid tumors, with 95% 0 2/5% C 0 2 . With 0.2 -0.3% N aH C 03 in the liquid phase, intial pn values were 7.4 -7.6, at 37 °C. Aerobic acid formation was approximated by multiplying the positive manometric reading (h) by the standard vessel constant for C 0 2 (corrected for retention where necessary), to yield after division by mg dry weight of tissue and the time in hours, Qco* values that were ordinarily at least 90% of the true acid formation values ((?co* ) • How ever, in the presence of DPNH2 , the Q values re flect somewhat less of the true acid production because of increased 0 2 consumption without commensurate decarboxylation (i. e., decreased respiratory quotient, R. Q.) . Often the aerobic vessels, after study, were regassed to make them anaerobic, in order to obtain, in the identical vessels, the total anaerobic acid pro duction (Q c N q ) measured in terms of total C 0 2 released from the bicarbonate-buffered medium. Rates of oxy gen consumption ((?02) were generally measured with the cells in Krebs-Rinder -bicarbonate-glucose (or fructose) medium in Warburg-Krippahl manometric flasks with the trough and adjoining sidearm containing a total of 0.8 cc of a mixture of 4 parts 3 M K H C 03 , 1 part 3 M K2C 0 3 , and 0.1 -1 mg car bonic anhydrase 21~23. Such a mixture automatically provided a constant partial pressure of 5% C 0 2 in the gas phase of air or oxygen. In a few experiments, NaOH was used in place of the bicarbonate-carbonate mixture, yielding Q02 values for cells at low C 0 2 pressure in the gas phase. Anaerobic conditions were provided by gassing the manometric vessels with a mixture of 95% N2/5% C 0 2 that had been passed, together with a small amount of Ho , over hot copper to remove traces of 0 2 .
In all instances the freshly extracted ascites cells were suspended in cold medium (ca. 0 °C), and were so maintained until placed into the manometric vessels. "Zero" time represents in some instances the time at which the vessels were placed in the thermostat at 37 °C, and, in other instances, the time at which D PN H 2 was later tipped from the side-arm into the main compartment of the vessel; the type of instance is stated in each experimental table.
All preparations of reduced diphosphopyridine nucleotide (DPNH2) were Sigma /J-DPNH disodium salt type I, prepared enzymatically from /?-DPN from yeast, using alcohol dehydrogenase. They were reported to be 95 -98% pure and to be substantially free from a-or /5-DPN. Samples held in a dry state at 0 ' were stable for a number of months. Solutions were always prepared immediately before use, in Krebs-Ring e r -bicarbonate (pji 7.6) and were stable for several hours, even at 37 °C. The samples of DPNH2 employed were essentially neutral, and further ph adjustments were not necessary. DPN preparations employed were Sigma grade ß-DPN from yeast, and reported to be 98% pure. Solutions were prepared in Krebs-Ring e r -bicarbonate medium and the ph adjusted to ca. 7.5 with NaOH. Triphosphopyridine nucleotide (TPN ), monosodium salt, wras Sigma grade prepared from yeast /i-DPN, and had a reported purity of 98 percent. Sigma grade TPN H (type II), tetra-sodium salt, had a reported purity of 97%, and was dissolved immediately before use, as in the case of DPNH. The amounts of D PN H 2 or T PN H 2 listed in the tables, or referred to in the text of this paper, are based upon the amounts 21 0 . W a r b u r g and G. K r i p p a h l , Z. Naturforschg. 13 b, 434 [1958] (also English translation in J. Nat. Cancer Inst. 24, 51 [1959] ). 22 0 . W a r b u r g , Weiterentwicklung der zellphysiologischen of the anhydrous dihydropyridine nucleotides as meas ured by our manometric assay involving pyruvate and pyruvate reductase. The pyruvate reductase (lactic dehydrogenase) employed was either that occurring naturally in ascites tumor serum (cell-free or other wise) , or from crystalline preparations obtained from rabbit muscle (activity 420 EU/mg protein, California Biochemical Corporation). The sodium pyruvate em ployed was Sigma grade type II, and was dissolved immediately before use in Krebs-Ringer -bicar bonate (pn 7.6, without further adjustm ent). The "dfructose" employed special, glucose-free levulose pre pared from inulin (Difco Laboratories).
In all cases where substances were tipped from the side-arm into the cell suspension in the main compart ment of the vessel, equal volumes of the solvent (usually Krebs-Ringer -bicarbonate medium) were simultaneously tipped into the corresponding con trol vessels. E x p e r im e n ta l re s u lts w ithin a few m inutes and was then sustained at a constant level for p erio d s of up to several hours. The value of Q co s of 58 for the control was reduced to 18 (69% in h ib itio n ) by DPNH., added at either 2.5 or 1 0 //M /3 .5 cc (475 or 1 9 0 0 « g /c c ) . As will shortly be indicated, the m axim um inhibition is still obtained at much low er concentrations of D P N H 2 , as low as 20 -30 //g/cc. The effect of pyruvate shown in Fig. 1 will also be discussed in detail later.
The uniform ity and m agnitude of m axim um gly colytic inhibition obtained w ith D P N H 2 are in d i cated in T able 1 (37 °C ) and T able 2 (30 °C ), for series of experim ents over a period of several months. M axim um percentage in h ib itio n at 37 °C attained 75% at m ost and ranged dow n to 34%, the of controls concentrations of D PN H 2 em ployed being in all cases sufficient to produce m axim um in h ib itio n in a given experim ent. W hether the cells w ere su s pended in nearly p ure isologous ascites serum (Table 1 , 1st experim ent), o r in Krebs-Rin ger -bicarb o n ate m edium w ith or w ithout sm all additions of serum , had little effect on eith er the rap id ity w ith which in hibition developed or on the per cent in hibition. T here was, how ever, ap p aren tly a tendency tow ards a positive co rrelatio n betw een m agnitude of glycolytic rate and percentage in h ib i tion (see also T able 19 la te r ) .
Concentration function of inhibi tion and au t o -reversa 1
The m inim um concentration of D P N H , effective in producing m easurable glycolytic in h ib itio n varied between 4 and 12 //g/cc in different experim ents. Incubation continued over a p erio d of h o u rs re sulted in auto-reversal of in h ib itio n at the relatively low (subm axim al o r near subm axim al) D P N H 2 levels of 15 and 4 6 //g/cc ( Fig. 3 ; see also T able 3, footnote a) . Reversal was not observed at the highest level of DPNHo (4 6 0 //g/cc) em ployed before the 3. Reversal of glycolytic inhibition by DPN but not by TPN or nicotin amide W hen D PN was added to a cell suspension before tip p in g in D P N H 2 (T able 3 ) , glycolytic in hibition by D P N H 2 was largely prevented when the D P N / D P N H 2 m ole ratio was 30 o r greater. However, some prevention of in h ib itio n occurred even at a ratio of 6 (T able 3 ) . T able 4 shows th at when D PN was added after D P N H 2-inhibition of glycolysis had alread y been extablished, reversal of in h ib itio n was evident w ithin 4 m inutes of tipping and was m axi mal w ith in 14 m inutes, or less. In this case, reversal was alm ost com plete (86% ) at a D P N /D P N H 2 ratio of app ro x im ately 4 0 (last co lu m n ), and 78% at a ratio of 10 (next to last c o lu m n ). At a ratio of ap proxim ately 2 : 1 the reversal was only 22 p er cent.
C ounteraction of D P N H 2 in h ib itio n by D PN was specific since T P N (Table 5 ) h ad no effect, whereas, in the sam e experim ent D PN gave virtually com plete pro tectio n ag ain st glycolytic in h ib itio n . In E hrlich ascites cells the ad d itio n of D PN often slightly raised the glycolytic rate of the controls (e .g ., Tables 3 and 4 24  24  25  24  24  11  11  11  11  22  17  10  10  10  22  20a  12  10  11   27b  27b  27b  27b  28b  25  24  23  20  16  23  23  23  22  16  23  23  23  22  17   Table 3 b DPN, even at the high concentation employed, has a slight (increasing) effect on the anaerobic glycolytic rate, before addition of D P N H 2 (see also Table 4 ). DPN prevented D P N H 2-inhibition of glycolysis, either immediately, or by the end of the experiment, at all except the highest D PN H 2 concentration (420 /ugjcc), where the D PN /D P N H 2 ratio was as low as 5. In another experiment in which the ratio was only 1 (at levels of DPN and D P N H 2 of 1 mg/cc each) DPN had no effect on the inhibition by D PN H 2 .
experim ent was discontinued, and indeed was sel dom seen a t much above 50 jug D PN H 2/cc even after m any hours. T his auto-reversal of D P N H 2 in h ibition of glycolysis was associated, quite sim ply, w ith the disapp earance of the added reduced co enzym e from the m edium (see la te r), either by con version to the oxidized form or by some as yet u n identified process. rate th at som etim es follow ed the ad d itio n of D PN to the co n tro ls were presu m ab ly due to an im prove m ent in the D P N /D P N H 2 ratio. N icotinam ide at ap proxim ately 9-fold m o lar excess over D P N H 2 did not give significant pro tectio n against glycolytic in h ib itio n by the latter (T ab le 6 ). Fig. 1 show s th at ad d itio n of an excess of p y ru vate after som e 120 m inutes of in cubation produced three d istin ct consecutive effects, (1) approxim ately 20% in h ib itio n in the control glycolytic rate (from Qcbt = 58 dow n to 4 8 ) ; (2) a sequence of negative p ressu re read in g s in the vessels to which D P N H 2 had previously been tip p ed at ca. 18 m inutes; and (3) follow ing this p erio d of negative readings, re sum ption of acid p ro d u ctio n s at a rate equal to the p yruvate-treated co n tro ls (from (?cöa = 18 to 48 or 4 9 ) . In ce rtain o th er experim ents the final rates in pyru v ate-treated D P N H 2 vessels were even slightly h ig h er th a n in the pyruvate-treated control (e. g., T able 7) ; p ro b ab ly due to form ation of D PN and increase in the D P N /D P N H 2 ratio . F u rth e r data b earin g on these th ree aspects of response to p y ru vate will be p resented in im m ediately follow ing tables an d figures, w ith special reference to the re versal of D P N H 2-induced glycolytic in hibition.
Minutes after adding DPNH2-
Reversal of D PN H 2 inhibition of glycolysis by pyruvate
T able 7 presents details of a large experim ent in
13 20 12 (10) 80 (30) 30 (11) 31 (12) 28 (11) 2 0 -40 (20) 156 (29) 48 ( 9) 50 ( 9) 47 ( 9) 4 0 -70 (30) 227 (28) 75 ( 9) 77 (10) 70 ( 9) 70-85 (15) 1 1 1 (28) 35 ( 9) 38 (10) 35 ( 9) 85 -1 15 (30) 212 (27) 75 ( 9) 77 (10) 70 ( 9) 115-140 (25) 165 (25) 63 ( 9) 65 (10) 58 ( 9) total cmm CO2 ( 5) 35 (26) 30 (23) 13 (10) 5 ( -) a 14(11) -3 4 ( -) a 12 ( 9) -62 ( -) 145-155 (10) 66 (25) 52 (20) 30 (11) 46 (17) 27 (10) 34 ( -) 27(10) -1 6 9 ( -) 155 -170 (15) 91 (23) 67 (17) 41 (10) 76 (19) 44 (11) 80 (20) 36 ( 9) -1 5 4 ( -) 175-180 ( 5) 31 (23) 22 (17) 16 (12) 27 (20) 14 (11) 29 (22) 12 ( 9) -7 ( -) 180-190 (10) 57 (21) 43 (16) 26 (10) 48 (18) 25 ( 9) 57 (21) 24 ( 9) 21 ( -) 190-200 (10) 51 (19) 41 (15) 35 (13) 57 (21) 29 (11) 57 (21) 25 ( 9) 46 (17) In the experim ents reported in this paper this correction has been based on the glycolytic rate in the respective vessels, im m ediately before tipping p yruvate, i. e., on the D PN H 2-inhibited rate. A lthough determ inations carried out in this way are n ot absolutely precise, the m ethod allows rap id com p ariso n s of glycolyzing cell suspensions in situ w ith sufficient accuracy to determ ine, e. g., the relative rates of disappearance of D PN H 2 un d er different con d itio n s of incubation. U nder anaerobic condi tions there was su rprisingly little loss of added D P N H 2 durin g incubation periods of up to 3 h o u rs; how ever, the indicated losses in D P N H , in T able 7 w ere abnorm ally small, i. e., practically negligible. (W ith K 2-ascites tum or cells the losses m ay be very large, see later.) D u rin g the first 15 m inutes after tipping pyruvate (T ab le 7) the control glycolysis fell to a rate about 20 percent below that of the non-pyruvate control. T his sm all inhibiting effect of pyruvate on anaerobic glycolysis, which always occurred, m ay be due to div ersio n of some of glucose-6-phosphate form ed th ro u g h the hexose m onophosphate shunt, rath e r th an dow n the Embden-Meyerhof pathw ay. T he occasional increase in glycolytic rate follow ing p y ru v ate oxidation of all D PN H 2 present (T able 7, post-pyruvate t = 155 -200 m inutes) appears to be due to a stim u latin g effect of the resu ltan t newly form ed D P N ; and increased D P N /D P N H 2 ratio.
Finally, and of especial im portance, the data of T able 7 (an d also others) show that the in hibition of glycolysis, as m easured by decrease in cmm C 0 2 prod u ced in the presence of added D P N H 2 , can be o rd ers of m ag n itu d e g reater than any decrease in p ressu re caused by the added D P N H 2 and pyruvate reactin g together, i. e., the glycolytic in h ib itio n can not be in terp reted q u an titativ ely on the basis of the latter reactio n . T hus, at ( 0 ) , 10, 50, and 5 0 0 cmm equivalents of D P N H 2 added, the total cmm glyco lysis observed w ere respectively (1 3 6 9 ), 561, 568, and 506, co rresp o n d in g to in h ib itio n s of (0 ), 808, 801, and 863 cm m respectively, or ratio s of in h ib i tion to D P N H 2 equivalents of 81, 16, and 1.7, and these ratio s w ould have been still g reater fo r tim es longer th an 2 0 0 m inutes, and also for still lower co n cen tratio n s of D P N H 2 th a t would still give n ea r m axim um in h ib itio n . T he total am ount of acid p re vented from fo rm in g can thus far exceed, stoichio m etrically, the am ount of D P N H 2 added. T hus, in in h ib itin g glycolysis, D P N H 2 acts at a catalytic (or, m ore p ro p erly , an ticataly tic) level, ra th e r than at a su b strate level.
Reversal of D PN H 2 inhibition of glycolysis by methylene blue
Reversal of D P N H 2-induced in h ib itio n of an aero bic glycolysis was also achieved w ith other oxidants, e .g ., m ethylene blue (T able 8 ) . M olar ratios of D P N H 2/m ethylene blue of 0.1 4 and 0.6 9 alm ost com pletely reversed the glycolytic in h ib itio n by D P N H 2 , H ow ever, w hen the am ount of methylene blue was insufficient to oxidize all of the D P N H 2 (D P N H 2/m ethylene blue ratio of 1.4 o r 6 .9 ), in h ib itio n persisted. S ubsequent ad d itio n of a large excess of p y ru v ate quickly abolished all rem aining 6. Failure of TPNH2 to inhibit glycolysis As shown in T able 5, T P N did n o t prevent glyco lytic inhibition by D P N H 2 although D PN did. T hat glycolytic inhibition was also specific fo r D P N H 2 is show n in T able 9. Two levels of D P N H , , 1 0 " 4 and S ' lO -4 m olar, gave m axim um inhibition (6 6 % ). On the o th er hand, 10-3 m olar T P N H 2 had no effect on glycolysis. The addition of 1 0 -3 m olar pyru v ate reversed all of the D P N H 2-induced in h i bition.
7. Oxidation by pyruvate of DPNH2 and TPN H 2 (via LDH) W hereas T P N H , did n ot in hibit glycolysis in the E hrlich ascites tum or, this reduced nucleotide was oxidized anaerobically by washed cells, in the p re sence of added pyruvate, although at a much slower rate th an was D P N H 2 (Fig. 4 ) . The sam e was true in the presence of ascitic serum which contained LD H very active to w ard D P N H , . To m inim ize the glycolytic correction involved in p yruvate assay fo r D P N H 2 w ith cells actively m etabolizing glucose (cf. T able 7 ) , the cells in Fig. 4 were first allowed to consum e a low in itial concentration of glucose, be fore tip p in g in the reduced nucleotides. Ascites cells d eterio rate rap id ly in the total absence of g lu cose (o r fructose) u n d er anaerobic conditions, an d fo r this reason sufficient sugar was added in Fig. 4 to ju st m ain tain glycolysis until after prelim in ary gassing and eq u ilib ratio n up to the tim e of tipping in of pyruvate. A scites cells have the capacity to m etabolize ex tra o rd in arily low concentrations of glucose at nearly the m axim um p otential glycolytic rate, and then the ra te falls off extrem ely sharply w ith tim e as alm ost all of the last traces of glucose are consum ed. The very low ra te of acid prod u ctio n th at still occurred after exhaustion of m ost of the glucose ( Fig. 4 ; T able 10) was p ro b ab ly due, n ever theless, to a p ersisting very low level of su g a r that w as rate-lim iting. In such p y ruvate assays for D P N H 2 usually very little correction was req u ired because of this residual acid p roduction. In T P N H 2 assays it becam e m ore of a factor. W hile E hrlich ascites cells contain pyruvic reductase (L D H ) ca pable of oxidizing T P N H 2 , the affinity of the cel lu lar enzyme for the nucleotide appears to be much low er than is the case w ith D P N H 2 . W hen D P N H -2 and T P N H 2 w ere added sim ultane ously to w ashed E hrlich ascites cells D P N H 2 was obviously oxidized before T P N H 2 (T able 10, 37 to 53 m in u te s). The later oxidation of T P N H 2 (Table  10 , 53 -187 m inutes) was largely prevented in those vessels which had also contained D P N H 2 . A separate experim ent on the sam e lot of cells fu r nished the propable explanation fo r this. W hen ap proxim ately 3 m icrom oles of D PN were present in the cell incubation m ixture, the p yruvate oxidation of ca. 2 m icrom oles of T P N H 2 w as prevented. The fo rm ation of D PN by the ra p id oxidation of D P N H 2 w ould therefore be expected to re ta rd the subsequent pyruvate oxidation of T P N H 2 .
W ith a com m ercial p rep a ra tio n of ra b b it m uscle LDH the anaerobic oxidation of T P N H 2 by p y ru vate was 60 percent as fast as the oxidation of D P N H , d uring the first 9 m inutes after tip p in g the p yruvate (pu 7 .4 ). O bviously, this LD H p re p a ra tion was much less specific for D P N H 2 , com pared to T P N H 2 , than th at o ccurring in E hrlich ascites tum or cells or soluble LD H in ascites serum .
In the absence of tu m o r cells, the LD H present in the centrifuged ascitic serum rap id ly oxidized D P N H -2 in the presence of pyruvate, the reaction going to essential com pletion over a considerable concentration range of D P N H 2 (T able 1 1 ). Such a system is obviously very convenient for the assay of su b strate am ounts of D P N H 2 . 
Aerobic oxidation of DPN H 2 by Ehrlich ascites tumor cells
A ddition of D PN H 2 to aerobically m etabolizing Ehrlich ascites tum or cells m arkedly low ered the rate of positive p ressu re fo rm atio n in the m an o m eters (T able 1 2 ). In vessels ru n in parallel, b u t u nder anaerobic conditions, the usual p ro m p t in hib itio n of glycolysis occurred (T able 1 2 ). A fter 85 m inutes of aerobic in cubation the vessels were re-gassed w ith 95% N 2/5% C 0 2 and the in cubation continued fo r about 30 m inutes ad d itio n al tim e (T able 12, £ = 1 2 2 m in u tes). It was evident from the rates of anaerobic glycolysis (111 -122 m in.) th at w here the cells h ad been initially incubated in the presence of air, auto-reversal of in h ib itio n was nearly com plete at the lowest level of D P N H 2 , w hereas, at this level in the vessels held constantly under anaerobic conditions, there was no evidence of reversal of in hibition. Follow ing p yruvate a d dition at 122 m inutes all D P N H 2-induced glycolytic in h ibitions were abolished (experim ental data not presented in T able 12) and calculation of the resi dual D P N H 2 levels show ed that much m ore D P N H 2 had disappeared aerobically th an anaerobically (T able 12, D PN H 2 d isap p earan ce). S im ilar results were repeatedly obtained in oth er aerobic ex p eri ments. In every case it appeared th at D P N H 2 u n d e r went rap id oxidation by oxygen gas. T his oxidation Table 12 . Ehrlich ascites tumor, comparison of aerobic and anaerobic inhibition of glycolysis by DPNHo and of concurrent disappearance of D P N H 2 . 53 cmm cells in 3.5 cc Krebs -Ringer medium (0.2% glucose, 0.3% N aH C 03 , 15% ascitic serum). 37 °C. a Based on //M C 0 2 absorbed following addition of pyruvate, and corrected for glycolytic rate.
obviously depended on cells, as neither freshly cen trifuged ascitic serum added to the K r e b s -R i ng e r m edium in the absence of cells, or the cen tri fuged cell-free su p e rn a tan t from cells previously in cubated on the therm ostat, had the ability to oxidize added D P N H 2 in the absence of added pyruvate. T hat aerobic o xidation of D PN H 2 involves in tra cellular DPNH-, oxidase activity and oxygen gas is indicated by the data in T able 13. It is clear that cyanide greatly retard s the aerobic disappearance of D PN H 2 b u t has little (if any) effect on anaerobic disappearance. If it is assum ed th at the d isap pearance of DPNHo u n d er anaerobic conditions re presents a type of destruction th at goes on to an equal extent under aerobic conditions, and if the aerobic values in T able 13 are corrected for such losses, then the aero b ic increm ents of enhanced D P N H , d isap p earan ce are 1.46 m icrom oles fo r the controls and 0.3 6 m icrom oles in the presence of cyanide -a 76% reta rd a tio n in the am ount of nucleotide o x id atio n caused by cyanide. In m any E hrlich ascites p rep aratio n s the rates of aerobic and an aero b ic acid p ro d u ctio n are alm ost the same w ith either 0.2% glucose o r 0.2% fructose. T able 14 shows th a t w ith either hexose as substrate the rate of d isap p earan ce of D P N H 2 is much g reater in the presence of oxygen gas than it is u nder an aerobic conditions. Also of note is the fact that the small pyruvate-induced in h ib itio n of glycolysis that is always seen w ith glucose as su b strate did not occur w ith fructose. T his is consistent w ith the view th at this in h ib ito ry action of pyruvate, an aero b i Re-gassed w ith 95% ^2 /0 % CO2 Table 14 . Ehrlich ascites tumor. Effect of D P N H 2 on anaerobic and aerobic glycolysis or fructolysis and rate of disappearance of D P N H ». 68 cmm cells in Krebs-Ringer medium (0.2% glucose or fructose, 0.3% N aH C 03 and 8% ascitic serum). a Based on C 0 2 uptake following addition of pyruvate and corrected for glycolysis.
cally, results from activation of the hexose m ono phosphate shunt -a reaction th at is not possible if fructose undergoes p h o sphorylation in the hexokinase reaction to yield fructose-6-phosphate, thus by-passing the form atio n of glucose-6-phosphate, essential for the shunt 4. P revious data su p p o rt the view th at fructose is phosphorylated over the sam e kinase as is glucose in o u r ascites cells. The rap id uptake and aerobic, cyanide labile, o x i dation of D P N H 2 by in tact E hrlich ascites cells sus pended in Krebs-Ringer m edium , w ith or w ithout sm all am ounts of isologous serum , suggests th at the reduced nucleotide can be oxidized by m ito chondrial oxidases. Since such cells are rep o rted to be low, or lacking, in h y d ro g en -tran sferrin g " shuttle m echanism s" lD, the possibility of a direct m itochon d rial oxidation of D P N H 2 is suggested. W hile freshly isolated m itochondria in an " in ta ct" co n d i tion have been rep o rted to be essentially im previous to D P N H 2 there is no evidence th a t such inert, n o n m etabolizing, m itochondrial p rep a ra tio n s can p ro perly be com pared to the conditions in intact ac ti vely m etabolizing cells w here intra-m itochondrial tran sp o rt of D P N H 2 m ight depend upon specific m etabolic processes. W e do not consider e. g., th at non-glycolyzing m itochondrial p rep a ra tio n s are really " in tact" since it has been repeatedly sh o w n 18-20 th at of all sub-cellular fractions it is only the m itochondria-containing ones th at display h orm one (insulin : anti-insulin) sensitive glycolysis com parable to th at which obtains in the in tact cell. and Q co* were m arkedly low ered. In co n trast, the (^c, was increased about 70% (from 4 to 7 ) . The p y ru vate analysis for D P N H 2 (at t = 150 m in.) showed th at much m ore of the reduced form of the nucleo tide had disappeared in the vessels exposed to oxy gen than w ith anaerobic incubation. T hus, in air there was a d isappearance of 3 m icrom oles of D P N H , which was approxim ately equivalent to the increase in oxygen consum ption follow ing addition of DPNH., (oxidation of one m ole D PN H 2 consum es i m ole 0 2) . It appears from these results that DPNHo readily enters intact E hrlich ascites cells suspended in isologous serum , and under aerobic conditions is oxidized at a high rate (70% increase in <?o2).
Krebs-2 ascites tumor cells
A lthough the m etabolic properties of the K rebs-2 (K-2) ascites tu m o r cells are very sim ilar to those of the Ehrlich ascites tum or in m ost ways, the res ponses to D P N H 2 w ere in p art som ew hat different. As in the case of E hrlich ascites cells, DPNHo a d dition to aerobic suspensions of K-2 ascites cells resulted in m arked increases in oxygen consum ption (T able 1 6 ). T he greatest increase in oxygen uptake took place d u rin g the 30 m inute period im m ediately follow ing addition of DPNHo . T he total increase in oxygen uptake at each of the three levels of DPNHo (Table 16 ) was approxim ately equivalent to the theo retical am ount req u ired for com plete oxidation of the D P N H 2 added (79% of theoretical at highest DPNHo level. 97 and 94% at the low er lev els). A p p arently DPN H o was as readily oxidized w ith oxy gen by K-2 ascites cells as it was by Ehrlich ascites cells. Table 16 . Oxidation of D P N H , by Krebs-2 ascites cells. Cells suspended in Krebs-Ringer medium (0.2% fruc tose, 0.2% N aH C 0 3 , 5% ascitic serum) Warburg-Krip pahl vessels (ca. 20 cc volume) with 0.8 ml 3 M K H C 0 3 : K ,C 0 3 (4:1) + carbonic anhydrase; gas phase, air.
K-2 ascites cells w ere unlike Ehrlich cells in that very h igh levels of D PN H 2 were required to p ro duce and m a in ta in m axim um inhibition of an a ero bic glycolysis (Table 1 7 ) . F urtherm ore, the p er centage inhib itio n s of anaerobic glycolysis were low er in K-2 ascites cells, as will be seen later in Table 17 . Effect of D PN H 2 on anaerobic glycolysis in Krebs-2 ascites tumor cells. Cells suspended in Krebs-Ringer medium (0.2% glucose, 0.3% NaHCOs , 40% ascitic serum; gas phase, 95% N2/5% C 0 2) . a Values obtained after comple tion of pyruvate oxidation of residual D PN H 2 . b As deter mined from C 0 2 uptake following addition of pyruvate.
T able 19. T he rates of D P N H 2 disappearance in d i cated in T able 17 were fa r in excess of any en co u ntered w ith Ehrlich ascites cells under anaerobic conditions. T he reasons fo r these differences are not yet know n.
S 9 1 Melanoma
T he S 91 m elanom a, as carried in our laboratory, is a solid tu m o r w ith very loosely adhering cells in which glycolysis is strongly regulated by the h o r m onal insulin : anti-insulin system 2> 16~20. M ela nom a cells rap id ly oxidized D P N H 2 (Table 1 8 ), the am ount of oxygen consum ed b eing p ro p o rtio n al to the am o u n t of D P N H 2 given. In the absence of a C 0 2 ab so rb en t (T able 18, last 3 colum ns to the right), total gas u ptake follow ing ad d itio n of D P N H 2 was the resu ltan t of oxygen consum ption ( I mole 0 2 perm ole D P N H 2) and OH : fo rm atio n (1 mole OH 3 p er m ole D P N H 2 o x id iz e d ). Since the addition of D PN gave a co nsiderable increase in the rate of aerobic acid p ro d u ctio n (T able 18) the net manom etric pressu re change follow ing D P N H 2 addition pro b ab ly reflected som e increase in acid production as a result of the accum ulation of D PN form ed by the oxid atio n of D P N H 2 . As will be shown in T able 19, D P N H , h ad little, o r no, effect on the anaero b ic glycolytic ra te of the m elanom a cells, and th erefo re glycolytic co rrectio n s from this source are negligible. F o r these reasons, the estim ate of 76% ap p a ren t oxidation of D P N H 2 , as given in T able 18, is p ro b ab ly too low. T he o x id atio n in all p ro b ab ility was 100%, as in d icated in the sam e experim ent by the Warburg-Krippahl tro u g h vessels w here C 0 2 w as absorbed, an d th erefo re d id n ot com plicate the com putations.
D P N H 2 -i n h i b i t i o n o f glycolysis
in a series of tumors W ith Ehrlich ascites tum ors the percentage in hib itio n s of anaerobic glycolysis caused by D P N H 2 were, fo r the m ost p art, rem ark ab ly uniform (T a bles 1 an d 2 ) . H ow ever, w ide v ariatio n s in response can be expected betw een different tum ors (Table 19) . T hus, an aero b ic glycolysis in S 91 m elanom a cells was very insensitive to in h ib itio n by D P N H 2 , w hereas the derived S 91 A am elanotic m elanom a was in h ib ited 35 percent. K-2 ascites cells were less sensitive than Ehrlich ascites cells. W hile this v a ria tion in responsiveness ap p ears to be in large p art in trin sic to the strain of tu m o r involved, it is not entirely so lim ited. T he data in T ables 1 and 2, fo r exam ple, indicate a ro u g h tren d to the effect that the larg est percentage glycolytic in h ib itio n w ith D P N H 2 occurred in co n ju n ctio n w ith the highest rates of glycolysis. T his was also dem onstrated m ore directly in ano th er w ay. One lot of Ehrlich ascites cells was sub-divided and ru n u n d er three different conditions to achieve different rates of glycolysis (T able 2 0 ) . Glycolytic rates w ith 0.2% fructose w ere generally n early the sam e as, o r slightly lower than, those w ith 0.2% glucose. A lthough glycolysis in E hrlich ascites cells is v irtu ally insensitive to Table 19 . Effect of D P N H , on anaerobic glycolysis in a variety of tumor cells. In all cases, D P N H , concentrations were such as to produce maximum inhibition. Cells were suspended in Krebs-Ringer medium with 0.2% glu cose, 0.2 -0.3% NaHCOg , and in most instances 5 -20% ascitic serum. Gas phase, 95% N2/5% C O ,. a Summarized from Tables 1 and 2 . b Negative values indicated increases in glycolytic rate.
steroids when glucose is the substrate, the acid p ro duction from fructose is strongly inhibited by steroid 16,17. T his action of steroid occurs over the hexokinase r e a c tio n 17,24. The addition of dexam ethasone (synthetic anti-inflam m atory steroid) at a concentration of 1 0 0 («g/cc low ered the Qco* in fructose, relative to the glucose control, by 50 p e r cent (T able 2 0 ). The addition of D P N H 2 in all three cases low ered the glycolytic rate to a com m on level = 18 -2 2 ). Thus, the percent in h ib itio n of glycolysis was decreased from 55 percent in g lu cose, w here the control Qco> was 40, to only 10 p e r cent in fructose and steroid, w here the control Q co2 was 20.
It seems m ost probable that inhibition of glyco lysis by D P N H , occurs at the triosephosphate de hydrogenase locus 2' 4. The foregoing results th e re fore suggest th at when a strong restrain t is placed on the hexokinase step (as by dexam ethasone w ith fructose as substrate) the triosephosphate d eh y d ro genase reaction is in relative excess and th erefo re D P N H 2-induced restrain t at this level in the glyco lytic pathw ay is less likely to reach rate-lim iting Table 20 . Induced changes in anaerobic glycolytic rate in Ehrlich ascites tumor cells and percent inhibition by D PN H 2 . 28 cmm cells in 3.5 cc of Krebs-Ringer medium plus 0.2% glucose, 0.3% N aH C 03, and 15% ascitic serum; 9 cmm cells in 3.4 cc of Krebs-Ringer medium plus 0.2% fructose, 0.3% N aHCOs , and 5% ascitic serum, with and without 100 jug/cc of dexamethasone (Decadron). Gas phase, 95% N2/5% C 0 2 . Incubation temperature, 37 °C.
p ro p o rtio n s. On the other hand, when the hexokinase step is virtually unrestrained, as it appears to be in ascites tum or cells with glucose as sub strate 16' 17, the triosephosphate step becomes much m ore n early rate-lim iting, and hence D P N H 2 in h ib i tion w ould becom e apparent.
In h ib itio n of glycolysis at the triosephosphate d eh y drogenase locus presum ably results from too low a ratio of D PN to D P N H ,. Thus, w hen an excess of D P N was added to cells already inhibited by D P N H , p rom pt reversal of the inhibition oc c u rred (see e .g ., T a b le 4 ) . In this connection, it is p erh ap s im p o rta n t to b ea r in m ind that the concen tratio n of endogenous cell " D PN -f D P N H 2" in an average experim ent (T able 1) w ith 50 cmm cells suspended in 3.5 cc Krebs-Ringer m edium w ould be approxim ately 5 f-ig/cc ( J e d e i k i n and W e i n h o u s e 25 found 297 /<g total " D PN + D P N H 2" p er gram wet weight, Ehrlich ascites cells, virtually all of the nucleotide being in the oxidized fo rm ) , as com pared w ith the range of 20 -4 20 0 jug/cc of added D P N H , em ployed in our various experim ents (T ables 1, 2, 4 ) . T hus, it can be seen th at even at the lowest level of D P N H 2 which produced m axi m um in h ib itio n of glycolysis, 20 ju g/cc, the endo genous D P N : D P N H 2 ratio m ust have been greatly low ered. C ertainly, in term s of the total am ounts p resen t p er cc of suspending m edium , the am ounts 
12.
Previously reported enzymic inhibitions associated with DPNH, or its derivatives T h ere have been several rep o rts in the literatu re of dehydrogenase in h ib itio n s induced by D P N H 2 , o r som e isom eric, o r other derivatives of this re duced nucleotide. W e have used various lots of the reduced form of /?-D PN H , , disodium salt, p rep ared enzym atically fro m yeast ß-DPN using alcohol de hydrogenase. These p rep aratio n s, on the basis of the m a n u fa ctu re r's analysis, w ere substantially free of a-o r /9-DPN, an d h ad a rep o rted original p u rity of 95 -98 percent. Sam ples of D P N H , stored in a d ry state at 1 -2 °C have been stable w ith respect to rep eated pyruvate-L D H analyses fo r D PN H 2 con tent over a p eriod of several m onths. F u rth erm o re, solutions, which w ere alw ays freshly prep ared fo r each experim ent d id n ot change significantly in D P N H , content after several h o u rs of incubation at 37 °C in the presence of 95% a ir or N 2/5% CO , . T he glycolytic in h ib ito ry effects of these p re p a ra tions we believe to be due to th e ir D P N H , content and n ot to derived in h ib ito rs o r other im purity. W e hold this fo r several reasons.
R ecently, A m e l u n x e n and G r i s o l i a 12 have re p o rted on the m echanism of triosephosphate de h ydro g en ase in activ atio n by D P N H , . T his process involves the use of isolated soluble enzyme and the in activ atio n by D P N H , depends upon the form ation of h y d ro g en p eroxide. T h at such a m echanism can not explain the resu lt obtain ed in the present study is evident from the com plete reversibility of in h ib itio n by D PN , pyruvate, m ethylene blue, oxygen, etc., and the fact th a t in h ib itio n occurs both u n d er anaerobic, as well as aerobic conditions. In both cases " au to -rev ersib ility " also takes place in tim e, although u n d er an aero b ic conditions the process occurs very slowly.
The " in h ib ito r" form ed in vitro from D P N H , , as described by F a w c e t t et al. 13, appears to be a
